The mode of abscisic acid (ABA) uptake was studied in excised leaf and root tissue discs of sugar beet (Beta vadgaris L). Discs were incubated in buffered medium that contaiked 1 mM CaCl2 and I14CIABA. The sensitivity of ABA uptake to metabolic inhibitors and temperature indicated that the ABA transport system had an energy-dependent component. Energy-dependent uptake was greater in leaf than in root tissue (70% and 50%, respectively). Energy-dependent uptake by both tissues and passive uptake by root tissues were highly pH depndent. Maximal uptake was observed at pH 5.5. Leaf tissue incubated in the dark showed a 50% reduction of uptake as compared with tissue under ight. The decrease was due to reduced passive uptake.
The principles governing distribution, transport, and metabolism of the plant hormone ABA are not well understood. An understanding of these principles is important because it provides information about factors influencing hormone concentrations at sites of action and may eventually explain the unusually high concentrations of ABA found in some organs or tissues.
ABA is synthesized predominately in the leaves and is transported and redistributed through various tissues and cells where it exerts its effects on different physiological processes. An example of short-distance transport of ABA was reported by Loveys et al. (6) . Wilt-induced ABA was synthesized in mesophyll tissue and then transported to,the epidermal cells where it caused the closure of stomates. Long-distance transport of ABA is evidenced by its presence in phloem exudate (15) and translocation studies of ["4CJ ABA (10) .
Although there are two reports on the polar and lateral movement of ABA (1, 11) on the transport of ABA across the chloroplast membrane. They suggested that ABA crosses the chloroplast membrane as the protonated lipophilic species. Kaiser and Hartung (4) also reported similar interpretations for ABA movement in isolated mesophyl cells. Applied ABA is believed to impart various physiological changes, but there is minimal indication that ABA had actually entered the tissue. In addition, it is possible that some of the assumed responses of applied ABA were the consequence of the metabolic conversion of the ABA to an active form which is the actual initiator of the response.
In light of recent findings (2) that ABA may be involved in the control of dry matter accumulation in several sink tissues and because of our observation of the stimulatory effect of ABA on sucrose uptake and transport (14), we studied the uptake behavior of ABA in physiologically different tissues, ie. leaves and roots of sugar beet. 1 ,UM ABA, the stomates were partially (50%o) closed and remained so for the duration of incubation. We assume that ABA continued to be accessible to the mesophyll cells through the partial stomatal opening and the cut surfaces.
MATERIALS AND
Metabolic inhibitors DNP, NaCN, NaN3, CCCP, and FCCP were used at 2 mm, 0.1 mm, 0.1 mm, 5 ,UM, and 5 ,UM, respectively.
After incubation, the "C-labeled medium was withdrawn by suction and the discs were rinsed three times for 3 min each. Each wash consisted of 3 ml of distilled H20 for leaf tissue and 7 ml of 200 mm mannitol for root tissue. Our preliminary compartmental analysis experiments had shown that almost all ofthe radioactivity on the surface and in the free space of the tissue was removed with these washouts (9) . All treatments were run in triplicate, and all experiments were repeated at least twice.
Tissue Digestion and Counting. After washing, leaf discs were transferred to vials containing 2 ml of digestion medium (60%1o H202 and 40%o HC104) and digested overnight at 50°C. After the samples were cooled to room temperature, 15 ml of scintillation cocktail (Aquasol) was added. Washed root discs were transferred to vials containing 4 (Fig. 2) . At all concentrations, uptake rates were higher by root than by leaf tissue. The greater total uptake in roots may be due to the absence of a cuticular restriction.
Metabolic Inhibitors. To determine if the uptake required metabolic energy, metabolic inhibitors such as CCCP, FCCP, NaN3, NaCN, and DNP were used. All, except NaCN in root tissue, significantly inhibited ABA uptake (Table I) . DNP was the most inhibitory in both tissues. All inhibitors were more effective in leaf tissue. This partial inhibition suggested that the ABA uptake was a combination of both energy-dependent and passive transport. CCCP was used in subsequent studies to separate energy-dependent and passive uptake. CCCP was chosen because its activity is not pH dependent, it is a proton ionophore, and a metabolic uncoupler. We have previously shown 5 ,uM CCCP to inhibit respiration strongly in sugar beet discs (9 (Table III) . A 15-min exposure to 5 iUM CCCP was sufficient to cause a maximal (50-60%) inhibition ofuptake by either tissue. Thereafter, CCCP was added at the initiation of the ABA incubation period, even though a minimal amount of energy-dependent uptake may have occurred during the initial incubation period.
Effect ofpHL In both leafand root tissue, ABA uptake decrased as the pH of the medium was increased (Fig. 3) . Maximum observed uptake was at pH 5.5. At pH 7.5 or higher, almost no uptake was observed. At pH 5.5, leaves had more energy-dependent than passive uptake. While in roots, passive uptake was greater than energy-dependent uptake. The passive uptake of leaf tissue was independent of external pH. Passive uptake in the roots was highly pH dependent and was comparable to energy-dependent~~~~~~- uptake in that tissue. At pH 5.5, total uptake in the root tissue was about twice that in the leaf. This could be the result of a physiological difference between root and leaf or because root tissue was more exposed to the medium, ie. cut root tissue was submerged in the medium, but leaves were floating on it. Higher ABA uptake at lower pH values suggests that, as a weak acid (pKa = 4.6), ABA was most permeable in its undissociated, lipophilic form. i]ght Effect. Leaf discs were incubated in total darkness or under a combination of sodium vapor and incandescent lamps (800 .sE m2 S-1) during 5 h of incubation. Total and passive ABA uptake in darkness were about 50% of that in the light (Table IV) . Higher ABA uptake under light conditions does not, by itself, support the conclusion that the uptake was an energy-dependent process, because the energy-dependent component (CCCP-sensitive) was not affected. Rather, the data suggest that light influences some factor involved in passive uptake. Assuming that the compartments with high pH accumulate ABA, this light effect may be explained by the following: in light, the pH of the chloroplast stroma would become more alkaline than the cytoplasmic pH (3); therefore, ABA would accumulate inside the chloroplast. This additional compartmentalization would favor greater uptake of ABA.
DISCUSSION
Use of the uncoupler and proton ionophore CCCP has been questioned by some investigators because it has been associated with membrane damage in some tissues (13) . We used leakiness of the membranes to sucrose as an index of membrane damage. Inasmuch as sugar beet root cells store a high concentration of sucrose in the vacuole, any membrane damage should cause leakage of sucrose into their incubation medium. The sucrose content of the medium after 5 h of incubation in the presence of CCCP was not different than the medium without CCCP (data not shown). Therefore, 5 ,UM CCCP had no apparent effect on membrane integrity.
Our present data are consistent with previous reports presenting direct evidence that ABA moves due to a pH gradient across membranes as the undissociated lipophilic species and accumulates as the dissociated species in more alkaline compartments (3, 4, 8) . The very low measured ABA content of acidic vacuoles of citrus fruit vesicles as compared to the ABA concentrations in the cytoplasm can be explained as a pH gradient effect (7). Heilmann (3) calculated that, under normal conditions, 70 to 80%Yo of the ABA in leaf cells is found in the chloroplasts. He attributed this accumulation to a pH differential between cytoplasm and chloroplast (at stroma pH in the range of 7.0-8.0, 95% of the ABA is dissociated and, therefore, is trapped inside the chloroplast). Noriaki et al. (8) calculated that ABA was 80%o, 25%, and 4% undissociated at pH 4, 5, and 6, respectively. They also observed higher ABA uptake and a more profound stomatal closure when tissue was incubated in an ABA solution with a low pH. They suggested that this increased ABA uptake was caused by diffusion rather than a carrier-mediated transport suggested by Astle and Rubery (1) to be present in the over-all ABA uptake process.
Depending on the magnitude of the pH difference between any two compartments, parts or all of the ABA would be in the ionized form in the more alkaline compartment. The ionization results in 'trapping' of ABA. Therefore, conditions that cause changes in compartmental pH would result in ABA movement. A dynamic state of ABA could then be envisioned based on metabolically controlled pH changes. Heilmann et al. (3) assume that the tonoplast and plasmalemma membranes would have the same permeability characteristics as the chloroplast envelope. Therefore, pH would be important in a cell to cell movement, as well as within a cell.
Although several investigators have concluded that ABA is taken up via diffusion (3, 4) , Astle and Rubery (1) described a saturating uptake component in roots of runner bean. However, the latter investigators did not observe an energy requirement for the uptake, and they proposed the existence of a carrier-mediated uptake system. Our data indicate the presence of an energyrequiring component but do not substantiate carrier-mediated uptake.
Using isolated mesophyl cells, Kaiser and Hartung (4) recently concluded that ABA transport is by a simple diffusion process depending solely on the pH gradient between two compartments or cells. This conclusion would explain our results. CCCP, a proton ionophore and metabolic uncoupler, would dissipate any pH gradient across the membrane. Therefore, uptake in the presence of CCCP would be passive diffusion driven only by the chemical potential gradient of undissociated ABA. However, the establishment of a pH gradient is an active process utilizing ATP and a vectorial ATPase. The net result of this active process is ABA transport. Although movement of ABA is passive per se, the accumulation of ABA is linked to the electrogenic process of proton pumping and is thus indirectly energy-dependent.
Transport ofABA due to a pH differential across the membrane seems to be important at localized areas such as between two compartments of a cell. Establishment of a pH gradient explains the energy-dependent uptake ofundissociated ABA. Nevertheless, at physiological pH of 6 to 7, more than 90%o of the ABA is in the ionic form. Therefore, it is conceivable that plants may have a mechanism whereby movement of ionic ABA is directly coupled to metabolic energy.
The question of apoplastic versus symplastic ABA movement between cells remains. In the stomatal system, the movement is believed to be apoplastic because plasmadesmata are rare between guard cells and their subsidiary cells (11) . Loveys (5, 6) also suggested that ABA may be released into the apoplast by mesophyl cells. However, transport to the stomatal complex could also involve a symplastic component as indicated by the uptake and movement of indicator neutral red (11 and references therein). In studies of ABA transport between tissues and establishing the presence ofan energy-requiring component, symplastic/apoplastic movement remains a key question.
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